Cocaine is habit-forming because of its ability to enhance dopaminergic neurotransmission in the forebrain. In addition to neuronal inputs, forebrain dopamine circuits are modulated by hormonal influences; one of these is leptin, an adipose-derived hormone that attenuates the rewarding effects of food-and hunger-associated brain stimulation reward. Here we report reciprocal inhibition between the rewardrelated effects of leptin and the reward-related effects of cocaine in rats. First, we report that cocaine and the expectancy of cocaine each depresses plasma leptin levels. Second, we report that exogenous leptin, given systemically or directly into the ventral tegmental area, attenuates the ability of cocaine to elevate dopamine levels in the nucleus accumbens, the ability of cocaine to establish a conditioned place preference, and the ability of cocaine-predictive stimuli to prolong responding in extinction of cocaine-seeking. Thus, whereas leptin represents an endogenous antagonist of the habit-forming and habit-sustaining effects of cocaine, this antagonism is attenuated by cocaine and comes to be attenuated by the expectancy of cocaine.
INTRODUCTION
Recent attempts to understand the mechanisms of addiction have focused largely on the development of compensatory changes within the brain-neuroadaptations-that result from chronic exposure to addictive drugs (Kalivas, 2009; Lüscher and Malenka, 2011; Nestler, 1992) and that are thought to modify the habit-forming impact of those drugs (Koob and Le Moal, 2001) . Among these are changes in excitatory transmission to the ventral tegmental area (VTA; Saal et al, 2003) , origin of the mesocorticolimbic dopamine system, and a critical link between reward-predictive cues and brain reward circuitry (You et al, 2007) . This system is responsive not only to a variety of glutamatergic inputs from local (Dobi et al, 2010) and distal (Geisler et al, 2007) neuronal sources, but also to a number of state variables mediated by blood-borne factors including leptin (Figlewicz et al, 2003; Krugel et al, 2003; Hommel et al, 2006; Liu et al, 2011; Thompson and Borgland, 2013) . Leptin is an endogenous inhibitor of food reward (Figlewicz et al, 2007; Domingos et al, 2011) that has both direct (Fulton et al, 2006a; Krugel et al, 2003; Leinninger et al, 2009; Davis et al, 2011; Domingos et al, 2011) and indirect (Leinninger et al, 2009 ) effects on brain reward function and that is depressed in heroin addicts (Housová et al, 2005) and fluctuates abnormally during craving for alcohol (Kiefer et al, 2005) or nicotine (al 'Absi et al, 2011) .
The aim of the present study was to determine whether leptin levels fluctuate in relation to cocaine seeking and to determine whether such fluctuations, if present, affect the rewarding effects of cocaine or cocaine-associated predictive cues. We report (i) that plasma leptin levels are acutely depressed by self-administered or yoked cocaine injections, (ii) that plasma leptin levels become depressed in advance of daily cocaine availability under regular self-administration training conditions, (iii) that these depressions of endogenous leptin levels are accompanied by depressions of leptin receptor-mediated signaling in the VTA, and (iv) that exogenous leptin, given systemically or microinjected directly into the VTA, attenuates rewarding effects of cocaine and cocaine-predictive stimuli in laboratory rats.
MATERIALS AND METHODS

Subjects
Male Long-Evans male rats (Charles-River, Raleigh, NC), weighing 350-400 g at the time of the surgery, were used throughout. They were housed individually under a reversed light-dark cycle (light on at 2000 hours), with free access to food and water and randomly assigned to testing or treatment groups of 8-10 animals per group. All procedures were approved by the Animal Care and Use Committee of the NIDA IRP and were consistent with the 'Principles of Laboratory Animal Care' published by the National Institutes of Health (NIH publication 86-23, 1996) .
Surgery
Surgeries were conducted using pentobarbital (30 mg/kg i.p.) and chloral hydrate (140 mg/kg, i.p.) anesthesia. Rats to be used in microinjection experiments were implanted first with angled bilateral guide cannulae dorsal to the VTA. Flat-skull (Paxinos and Watson, 2013) stereotaxic coordinates for cannula entry were 5.6 mm posterior to the bregma and 2.2 mm lateral to the midline; the cannulae were lowered at a 12°angle toward the midline to a depth of 6.8 mm. Rats for microdialysis experiments were implanted with one guide cannula 1 mm dorsal to the nucleus accumbens, 1.2 mm anterior to the bregma, 1.5 lateral to the midline, and 6.0 ventral to the skull surface, and one cannula 1 mm dorsal to the VTA (as above). The cannulae were secured to the skull with four stainless steel screws and dental acrylic.
Each rat was implanted with chronic indwelling jugular catheters. A small incision was made to the right of the midline of the neck and the external jugular vein was externalized. An intravenous (i.v.) silastic catheter (Dow Corning, Midland, MI) was inserted to just reach the entry to the right atrium. The catheter was secured to the vein with silk suture. The catheter was fed subcutaneously around the back of the neck to exit near the back of the skull. The end was then connected to a bent 22-gauge stainless steel cannula (Plastic One, Roanoke, VA) with a threaded head used to secure a dummy cannula and, during testing, an infusion line. Catheters and cannula assemblies were secured to the skull with stainless steel screws and dental cement.
Each rat was given 0.25 ml of 2.27% enrolfloxacine once daily for 3 days as precaution against infection. For five days before testing, the catheters were flushed daily with 0.2 ml of gentamicin in sterile saline and 0.05 ml of heparin (30 U/ml in sterile saline).
Self-Administration Training
All rats were initially trained to self-administer i.v. cocaine or saline. Unless otherwise specified, 'cocaine' designates a cocaine salt that readily crosses the blood-brain barrier and is traditionally used for i.v. self-administration: cocaine HCl. Fourteen consecutive 4-h-daily training sessions were given, starting (with one exception) at the same time each day (1100 hours, 3 h into the 12-h dark cycle). A lever press on one of two levers-a retractable 'active' lever that was inserted into the cage to start each session-caused illumination of a white cue light above the lever and concurrent delivery of i.v. cocaine (1 mg/kg per injection in a volume of 0.13 ml over 4.5 s) or saline (equal volume) on a fixed ratio-1 schedule of reinforcement. A 20-s timeout period, during which the cue light remained on and additional lever pressing was ineffective, accompanied each injection. In order to avoid many of the pre-session cues involved in animal handling and transport from the colony room to the testing room, one group was housed in the testing apparatus where it was given 14 days of normal testing followed by 14 days of testing at irregular times from 1 day to the next (sometimes 0900 hours, sometimes 1100 hours, sometimes 1300 hours in irregular sequence).
Blood Sample Collection
For assays of plasma leptin, blood samples (0.3 ml) were taken at various stages of testing via the i.v. catheter that was used for drug self-administration. Before withdrawal, the catheters were flushed with 0.2 ml of heparinized saline. Samples were then gently withdrawn, immediately transferred into tubes containing EDTA, and centrifuged at 4000 g for 15 min. The supernatant from each sample was stored at − 80°C until they were assayed.
Blood samples were initially taken from three groups of cocaine-trained and three groups of saline-trained rats under various conditions at the usual training time on the day following the 14-day training period. One cocaine-trained group and one saline-trained group were simply given another day in their training conditions. The remaining groups received unearned injections 'yoked' to the earned injections of an executive animal in the cocaine self-administration group. One cocaine-trained group and one saline-trained group received yoked injections of normal cocaine; one cocaine-trained group and one saline-trained group received yoked injections of cocaine methiodide (MI). Cocaine MI is a synthetic cocaine analog that does not cross the blood-brain barrier but that can serve as a conditioned reinforcer in cocaine-trained animals (Wang et al, 2013) . Blood samples were drawn at the start of the session and at 30, 120, and 240 min into the sessions.
Two groups were tested under extinction conditions after cocaine self-administration training. They were placed in the chambers on Day 15, and their levers were inserted as usual. However, now each lever press resulted in injection of saline rather than cocaine, given along with normal illumination of the cue light. Blood samples were drawn at the start of the session and at 30 and 60 min into the session from one group during the first extinction trial and from the other group during the fourteenth extinction trial.
Post-Training Behavioral Tests
Four groups of cocaine-trained rats were pretreated, two with i.v. injection of leptin (0.6 mg/kg) and another two with i.v. saline (0.6 ml/kg). Forty minutes later, one group from each treatment was given another 4-h drug self-administration (drug-taking) session. The remaining two groups were placed in their regular training chambers; however, for these animals responses on the active levers were rewarded by saline instead of by cocaine (seeking condition). Four additional groups (prepared with bilateral VTA guide cannulae) were pretreated with VTA microinjections of leptin (0.5 μg/side) or aCSF (0.5 μl/side) and similarly tested 40 min later. Injections were made over 30 s through microdialysis probes that had the membrane removed from the tip of the probe. Responding on active and inactive levers and the numbers of infusions were recorded.
Seven additional groups of cocaine-trained rats were tested for the ability of various intra-VTA microinjection pretreatments to block the development of a cocaine-conditioned place preference. The pretreatments included leptin (0.125, 0.25, or 0.5 μg/side); the leptin agonist DesI2-E1/aca (0.01 μg/side); the leptin antagonist Allo-aca (0.25 μg/side); the combination of leptin and Allo-aca (0.25 μg each in 0.5 μl/side); or aCSF (0.5 μl/side). Forty minutes after pretreatment, the animals were given i.p. cocaine injections (10 mg/kg) and placed for 15 min in one of the closed end chambers of a three-chamber-conditioned place preference apparatus (Med Associates, St Albans, VT). On the following day the animals were returned to the apparatus drug-free, placed in the center chamber, and allowed free access to the three open chambers for 15 min. Time in each chamber was recorded.
Plasma Leptin and Brain Protein Assays
Leptin levels were assayed according to the manufacturer's instructions using ELISA kits (Millipore, Billerica, MA). The intra-and inter-assay variations for leptin were less than 4%. Hormone levels were interpolated using the fourparameter logic equation from standard curve running for each plate Leptin binds to the long form of the leptin receptor (LepR b ; Figlewicz et al, 2003) , leading to activation of three intracellular signaling pathways: JAK-STAT, PI3K, and MAPK pathways (Niswender et al, 2001; Trinko et al, 2011) . We assayed VTA tissue for STAT3 and Akt (protein kinase B), markers for the two primary pathways, in groups killed just before or 6 h after normal self-administration testing. We also monitored STAT3 in additional groups following VTA microinjections of the agents used in the conditioned place preference experiment: aCSF (0.5 μl/side), leptin (0.25 μg/side), Allo-aca (0.25 μg/side), or leptin+Allo-aca (0.25 μg each in 0.5 μl/side). For the brains that did not have VTA cannulae, bilateral VTA tissues were obtained. VTA tissue samples included the paranigral, parabrachial pigmented, and interfascicular nuclei, and the ventral half of the rostral linear nucleus. For the remaining brains, tissue collections were restricted to a radius of 0.5 mm from those injection tips that correctly terminated in the VTA. Tissue samples were then homogenized and processed in duplicate.
STAT3 proteins were separated after loading the samples on 4-12% NuPAGE neutral polyacrylamide gel using 1XMOPS buffer under constant voltage (150 V) electrophoresis. The proteins on each gel were then transferred to PVDF membranes, blocked for 60 min in TBS containing 0.1% Tween 20 and 5% nonfat dry milk. Blocked membranes were first incubated with mouse monoclonal anti-phospho-STAT3 antibody (Cell Signaling, Cat #4113) at 4°C overnight, followed on the next day by another 2 h of incubation with rabbit STAT3 and β-tubulin (an internal control) antibodies. The blots were then washed and incubated for 1 h with anti-rabbit and anti-mouse secondary antibodies labeled with IRDyes 680 and 800, respectively. Fluorescence intensity from each band was assessed using an Odyssey IR fluorescence scanner and quantified using the Odyssey 2.0 software. Protein levels were calculated using a ratio of fluorescence intensity of STAT3 or p-STAT3 normalized to that of β-tubulin obtained from the same samples.
The procedures for Akt separation and analysis were similar to those described above for STAT3 proteins, except that Akt antibody pair was used (Akt Rabbit mAb #4691, Phospho-Akt (Ser473) Mouse mAb #4051, Cell Signaling).
Microdialysis
Four groups of cocaine-trained rats with unilateral VTA and ipsilateral NAS cannulae were connected to microdialysis systems (dialysis probes inserted through the NAS guide cannulae) on the evening following completion of cocaine self-administration training and maintained in the testing chamber overnight. The next morning, the perfusion syringes were refilled and the flow rate was increased to 1.2 μl/min for 2 h before initiation of testing. Three 20-min samples were collected and then the rats were given VTA microinjections of the agents used in the conditioned place preference experiment: aCSF (0.5 μl/side), leptin (0.25 μg/side), Allo-aca (0.25 μg/side), or leptin+Allo-aca (0.25 μg each in 0.5 μl/side). Forty minutes after the pretreatments an i.p. cocaine injection (10 mg/kg) was given and 20-min dialysis samples were collected for two additional hours. Dopamine levels in the dialysate were assayed using an HPLC system with electrochemical detection as described previously .
Body Weight, Food Intake, and Fat Pad Measurements
Body weights of cocaine-and saline-trained rats were taken daily. Food intake was measured at times 7, 10, 13, 16, and 19 h following the last training session in one group of cocaine-trained and one group of saline-trained rats. Following an additional self-administration session on the following day, the animals were decapitated, blood samples were collected, and fat pads from three major body deposits (inguinal, gonadal, and retroperitoneal) were taken and weighed.
Histology
After the completion of the microinjection and microdialysis experiments, the rats were decapitated under deep anesthesia and the brains were removed and fixed in 10% formalin. Fifty-micrometer coronal sections were sliced with a cryostat. The probe location was examined under microscope at low magnification in wet tissue that allowed differentiation of fiber tracts and cell groups.
Data Analysis
Protein levels measured with western blot were calculated as a ratio of the protein fluorescence intensities to that obtained from β-tubulin. The levels of the assayed dopamine were expressed as the concentrations found in the perfusates. Basal values refer to those obtained before VTA injection. The data were analyzed with either one-way or two-way analysis of variance (ANOVA) with or without repeated measures, as appropriate. Post hoc multiple comparisons were performed using the Newman-Keuls test. A level of Po0.05 for a two-tailed test was considered critical for statistical significance.
Drugs
Cocaine hydrochloride, cocaine MI, pentobarbital, and chloral hydrate were obtained from the pharmacy within the Institute. Rat recombinant leptin and AG490 were purchased from Sigma-Aldrich (St Louis, MO). Allo-aca and DesI2-E1/aca were synthesized and their characteristics were reported previously (Otvos et al, 2008 (Otvos et al, , 2011 .
RESULTS
Depression of Plasma Leptin Levels by Actual and Anticipated Cocaine
Following 14 days of cocaine self-administration, plasma leptin levels just before the normal time of daily testing were depressed by~40% (Figure 1 ). Leptin levels fell another 40-50% within the self-administration sessions (red solid line) or within sessions where self-administration-trained animals were given yoked injections of cocaine (orange solid line) or cocaine MI (blue solid line) instead of the normal opportunity to self-administer cocaine. Leptin levels were normal at the start of sessions in saline-trained animals, but they fell by a similar 40% when such animals were given yoked cocaine injections (orange dashed line). In salinetrained groups that were given yoked injections of cocaine MI (dashed blue line) or were allowed to self-administer saline (black dashed line), leptin levels fell~2% per hour during the 4-h period without food.
The difference in prior-to-session leptin levels seen between cocaine-trained and cocaine-naive (saline-trained) animals on Day 15 developed progressively over the first 14 days of training (Figure 2a) . Prior-to-session leptin levels were similarly depressed in animals switched to extinction testing on Day 15 (where non-rewarding saline was substituted for rewarding cocaine); the prior-to-session baseline returned to normal baseline over the 14 days of subsequent extinction testing (Figure 2b) . We subsequently took blood samples before testing in two groups of animals that were housed in the testing chambers with their IV lines connected for remote blood withdrawals under two additional conditions. One group was trained at the same time (1100 hours) every day. Their plasma leptin levels were normal 2 h before testing time, but fell by 40% as the regular testing time approached (Figure 2c) . The comparison group was tested at irregular times from day to day, and their plasma leptin levels remained normal up until the start of daily testing (Figure 2c ).
Central Leptin Signaling
The depressed plasma leptin levels just before the time of regular cocaine self-administration sessions were accompanied by decreased central leptin signaling. Phosphorylated STAT3 protein, a marker for the primary signaling cascade associated with leptin receptor activation, was depressed in ventral tegmental tissue punches taken just before the normal time of testing but was normal several hours later, after the self-administered cocaine was metabolized and feeding had resumed; Akt, a marker for one of the other signaling cascades did not differ between conditions (Figure 3 ).
Effects of a Leptin Agonist and an Antagonist on Cocaine-Seeking
Neither i.v. nor intraventral tegmental leptin infusion affected cocaine-taking per se (Figure 4a ). Cocaine-seeking was, however, depressed by leptin on the first day when nonrewarding saline was unexpectedly substituted for rewarding cocaine (Figure 4b ).
Leptin infusions into the VTA attenuated cocaineconditioned place preference in a dose orderly manner (Figure 5a ). The effects of leptin were blocked by the leptin antagonist Allo-aca, which did not alter the effectiveness of cocaine when given on its own (Figure 5a ). The synthetic leptin agonist DesI2-E1/aca also blocked cocaineconditioned place preference (Figure 5a ). The leptin infusions elevated phosphorylated STAT3 protein levels in the VTA (Figure 5b ) and attenuated the cocaine-induced elevations of nucleus accumbens dopamine (Figure 5c ). The ability of leptin to elevate phosphorylated STAT3 levels and to counter the dopamine-elevating effects of cocaine were attenuated by Allo-aca, which had no effect on its own (Figure 5b and c) .
Food Intake, Body Weight, and Fat Pad Measures
Neither food intake measured across various time points following the last training session (Figure 2d ) nor body weights measured across the 14 days of training (Figure 2e ) differed significantly between cocaine-trained and salinetrained animals. Fat pad weights, measured from three major body deposits, also failed to differ-despite the differences in Figure 1 Leptin levels during cocaine or saline self-administration or during receipt of yoked injections of cocaine or cocaine methiodide (MI) following 14 days of cocaine or saline self-administration training. Solid lines indicate data from animals previously trained to self-administer cocaine HCl; dashed lines indicate data from control animals, given similar training sessions with saline rather than cocaine. Data expressed as actual concentration; the insert expresses the same data as a percent change from pre-test baseline. Analysis of variance (ANOVA) revealed significant effects of Group (F 5,36 = 8.56, Po0.0001), time (F 3,108 = 35.75, Po0.0001), and Group × Time interaction (F 15,108 = 2.10, Po0.02). Leptin levels were significantly lower in cocaine-trained than in saline-trained groups across all corresponding time points (Po0.01) and were significantly decreased 2 h into sessions (Po0.05) when animals were trained with cocaine HCl (solid lines) or received yoked cocaine HCl injections during the test sessions (dashed orange line). N = 6-8 per group. plasma leptin levels at the time of being killed-between cocaine-trained and saline-trained rats (Table 1) . Injection sites and probe placements are shown in Figure 6 .
DISCUSSION
These studies reveal reciprocal antagonistic effects between cocaine and leptin. Leptin inhibited the mesolimbic dopamine system-the target of cocaine's rewarding effects (Wise, 2004) -reducing the elevation of nucleus accumbens dopamine by cocaine, the rewarding effects of cocaine, and the effectiveness of cocaine-predictive cues in maintaining cocaine seeking. Conversely, cocaine and cocaine expectancy depressed plasma leptin levels. The effects of leptin on cocaine reward were expected on the basis of earlier evidence that leptin attenuates food reward (Figlewicz et al, 2001 (Figlewicz et al, , 2004 (Figlewicz et al, , 2006 as well as the rewarding effects of hunger-related (but not hunger-insensitive) brain stimulation (Fulton et al, 2000 (Fulton et al, , 2006b .
Leptin acts at the long form of the leptin receptor (LepRb), which is expressed by diverse cell types in many brain regions (Scott et al, 2009) , including the VTA, where they are expressed by dopamine neurons (Figlewicz et al, 2003; Hommel et al, 2006; Leshan et al, 2010 ). Leptin's direct actions on reward function are thought to involve the mesolimbic dopamine system: leptin inhibits the firing of ventral tegmental dopamine neurons by mechanisms involving each of three intracellular signaling pathways linked to LepRb (Hommel et al, 2006; Trinko et al, 2011; Thompson and Borgland, 2013) . Leptin actions in the hypothalamus can also affect reward function and the dopamine system (Leinninger et al, 2009) . Leptin effects on the dopamine system appear to be modulated by the physiological state; intracerebroventricular leptin decreases both basal and feeding-induced nucleus accumbens dopamine levels in food-deprived rats (Krugel et al, 2003) , whereas systemic leptin fails to alter nucleus accumbens dopamine levels in sated rats (Perry et al, 2010) .
In contrast to our finding that leptin antagonized the elevation of dopamine levels by cocaine, Perry et al (2010) found that systemic leptin enhanced the elevation of dopamine levels by amphetamine (Perry et al, 2010) . One possibility is that the differences between the cocaine and amphetamine effects resulted from differences in the states of the animals; whereas Perry et al, 2010 tested animals in the normal state, we tested our animals at a time when plasma leptin levels were depressed by 40% as a result of the animals' Figure 2 Plasma leptin levels at various times relative to cocaine self-administration training. (a) Pre-test leptin levels decreased progressively across the 14 days of cocaine self-administration training (F 5,32 = 7.23, Po0.01). (b) Plasma leptin levels were depressed before and further depressed during the first day of extinction testing but recovered by the fourteenth day of such testing (main effect of Group F 1,12 = 13.41, Po0.01). (c) Plasma leptin levels decreased progressively over the 2 h before regular but not irregular daily self-administration sessions (main effect of Group: F 1,14 = 4.57, Po0.05; Group × Time interaction: F 3,42 = 3.07, Po0.05). (d) Cumulative intake was normal by 7 h after the sessions (main effect of group: F 1,35 = 0.88, P = 0.36, n.s.). (e) Cocainetrained and saline-trained animals gained weight equally over the training period.
cocaine self-administration history. Another possibility is that the differences in leptin effect are due to the different mechanisms of action of amphetamine and cocaine; whereas amphetamine causes impulse-independent release of dopamine (Sulzer et al, 2005) , cocaine elevates dopamine levels by impulse-dependent blockade of dopamine reuptake (Heikkila et al, 1975) . A third possibility is that the differences are due to route of administration; Perry et al (2010) gave leptin systemically, where it would act at several central sites, whereas our effects were caused by leptin injections targeted to the VTA.
Our finding that PSTAT3 was depressed with depressed plasma leptin levels confirms that ventral tegmental JAK-STAT signaling was sensitive to the plasma leptin depressions seen in our animals; it does not, however, rule out the local involvement of other signaling pathways. The actions of leptin are multiple and complex and the inhibition of dopamine neurons in normal animals is reported to be influenced by leptin-induced signaling in each of three pathways: the JAK-STAT pathway (Hommel et al, 2006; Morton et al, 2009) , the MAPK pathway (Trinko et al, 2011) , and the PI3K pathway (Thompson and Borgland, 2013) . The relative importance of these pathways for leptin signaling appears to depend on the animal's state of energy balance (Krugel et al, 2003; Perry et al, 2010) and may be affected by cocaine experience. The involvement of the PI3K pathway in the inhibition of dopaminergic activity involves the presynaptic inhibition of glutamatergic inputs to the dopamine system (Thompson and Borgland, 2013) and glutamate input to the dopamine system is known to be altered by cocaine self-administration training (You et al, 2007; Wang et al, 2005 Wang et al, , 2013 . Finally, there may have been undetected changes in Akt-particularly if they were localized to presynaptic terminal segments-in our homogenized tissue samples.
In our conditioned place preference experiment, the leptin antagonist did not affect dopamine levels or acquisition of preference when given by itself. This finding may be unique to our testing conditions; the place preference study was conducted in cocaine-trained animals, at the time of day previously associated with cocaine availability, and thus the antagonist was given to animals that already had severely depressed leptin levels. This might account for the animals' insensitivity to further leptin antagonism.
The decrease in leptin levels was not secondary to major differences in food intake or body weight. As has been our experience in studies of rats given limited (4 h per day) access to i.v. cocaine, the animals in the present study ate and gained weight normally. Food was not available during the Effects of intravenous (0.6 mg/kg: left panels) or intra-ventral tegmental area (VTA; 0.5 μg/side: right panels) leptin on lever pressing for intravenous cocaine ('taking,' top panels) or for saline-and cocaineassociated cues in unexpected extinction testing ('seeking,' bottom panels). Note that cocaine-taking scores are for 4-h self-administration sessions, whereas cocaine-seeking scores are for 2-h extinction sessions. (a) There was no significant effect of either leptin treatment on lever pressing for cocaine (F 1, 11 = 9.48, Po0.02 and F 1, 11 = 19.53, Po0.001, respectively) . (b) Leptin by either route of injection significantly decreased lever pressing for cocaine-predictive cues in the extinction tests (F 1,11 = 9.48, Po0.02 and F 1,11 = 19.53, Po0.001, respectively).
sessions and was depressed during the period of cocaine intoxication following the sessions; however, cumulative intake had returned to normal within 7 h of each session and remained normal overnight (until 2 h before the next day's testing). The decrease in leptin levels that can be attributed to within-session food deprivation was~2% per hour; this was the degree of decrease in the saline-trained animals receiving saline as well as in those receiving cocaine MI as shown in Figure 1 .
Although leptin did not affect cocaine intake itself in the present study, this was not surprising as cocaine intake is a relatively insensitive measure of cocaine reward in welltrained animals (Arnold and Roberts, 1997) , one that is strongly influenced by slowly modified habit variables (Yokel and Pickens, 1976) , including its own peripheral conditioned stimulus properties (Wang et al, 2013) . Leptin did attenuate the establishment of cocaine-conditioned place preferences, a well-established consequence of drug reward (Tzschentke, 2007) , as well as cocaine-seeking under unexpected extinction conditions, a behavior that is significantly prolonged by conditioned reinforcers (Mote and Finger, 1942) . Conditioned reinforcers-reward-predictive cues such as the cocaine-associated cue light in the present study-drive the dopamine system almost immediately (Schultz, 1998; Phillips et al, 2003; Stuber et al, 2005) and have a critical role in behaviors that involve a significant delay in primary reinforcement (Spence, 1947) , as is the case with i.v. cocaine (Wise and Kiyatkin, 2011) .
The present experiments reveal both unconditioned and conditioned depressions of plasma leptin levels in animals regularly self-administering cocaine. One possibility is that unconditioned effect may be a simple consequence of cocaine-induced autonomic arousal; cocaine is a stressor (Moldow and Fischman, 1987; Rivier and Vale, 1987 ) that elevates plasma NE levels (Sofuoglu et al, 2001) , and NE is known to inhibit leptin gene expression and leptin release from adipose tissue (Rayner and Trayhurn, 2001 ). The conditioned effects do not yield to any such simple hypothesis. First, there are two experience-dependent suppressions to be understood. One is the suppression that develops before the normal testing time in animals that are tested at the same time each day but is not seen in animals that are tested at irregular times. Regular testing began 3 h after the onset of the dark cycle; thus, light change was not an immediate trigger of leptin changes. It is possible, however, that dark onset triggered a meal or activity sequence that, in turn, led to the decrease in leptin release beginning 1-2 h before the time of normal testing. It seems most likely that the leptin fluctuations become entrained, through conditioning, to a circadian pacemaker (Amir and Stewart, 1996; Luo and Aston-Jones, 2009 ). The second conditioned effect is reflected in the within-session depression of leptin levels seen in the first extinction session when the animals received only the light cue and i.v. saline (Figure 2b ) and also seen in the effect of yoked cocaine MI in cocaine-trained animals ( Figure 1) ; cocaine MI is known to serve (temporarily) as a reward-predictive cue and a conditioned reward in its own right in cocaine-trained animals Wang et al, 2013) .
The present data add to the growing evidence that physiological state variables, including stress (Heilig and Koob, 2007) and feeding-related hormonal signals (Carroll et al, 1979; Aston-Jones et al, 2010; Dickson et al, 2011; Graham et al, 2013) , can influence the motivation for drugseeking in drug-experienced individuals. They are consistent with the emerging view that the compulsive overeating Figure 5 Effects of intra-ventral tegmental area (VTA) leptin agonists and antagonists on conditioned place preference and neurochemical effects of intraperitoneal cocaine (10 mg/kg). (a) Leptin and the leptin agonist DesI2-E1/aca (0.01 μg/side) blocked cocaine-conditioned place preferences (F 6,40 = 9.45, Po0.0001). (b) Leptin increased P-STAT3 but not STAT3 (F 6,40 = 9.45, Po0.0001) in rats given similar cocaine injections. (c) Cocaine (C) elevated nucleus accumbens dopamine levels (F 10,190 = 46.56, Po0.0001); the effect was significantly attenuated by leptin (L) pretreatment (F 30,190 = 2.30, Po0.001). Antag = the leptin antagonist Allo-aca (0.25 μG/ side); Agonist = the synthetic leptin agonist DesI2-E1/aca (0.01 μg/side). Color coding is consistent; protein and dopamine levels were assessed only in the group receiving the leptin dose of 0.25 μg/side. Starred groups were significantly different from the aCSF comparison condition (Newman-Keuls, Po0.05).
of sweet and high-fat foods is under the influence of some of the same mechanisms as are involved in addiction (Wise, 1988 (Wise, , 2001 Volkow and Wise, 2005; Kenny, 2011) . To the degree that release of feeding-and stress-related hormones is altered by repeated drug use (Housová et al, 2005; Heilig and Koob, 2007) , therapies that have been developed in relation to excessive food intake may prove useful in treating the critical early stage of drug detoxification, a stage when the probability of relapse is high and when the effects of drug-associated cues is considerable (Gawin and Kleber, 1986) . 1.1 Figure 6 Locations of injector tips and microdialysis probes. (a) Ventral tegmental area (VTA) leptin injections during cocaine self-administration, (b) during saline substitution, (c) during cocaine-conditioned place preference, or (d) for STAT3 protein level determination. Injector tips terminated mainly in the parabrachial pigmented and paranigral nuclei, and occasionally the rostral region of interpeduncular nucleus. Two rats in c were excluded for bad placements, one in red nucleus and one in substantia nigra. Dialysis membranes (e) usually penetrated the core and ventral shell regions of nucleus accumbens. The number of dots for injector tips and of lines for dialysis membranes is less than the number of animals because of overlap in the placements. Drawings were adapted from the atlas of Paxinos and Watson (2013) . Numbers on sides of the drawings indicate the distance (in millimeters) relative to the bregma. Active lever presses 37.1 ± 4.7* 12.2 ± 2.6
FUNDING AND DISCLOSURE
Asterisk (*) indicates statistical difference (Po0.05) between cocaine-trained and saline-trained animals.
